Abstract. Biological soil crusts (biocrusts) are predicted to be sensitive to the increased 10 temperature and altered precipitation associated with climate change. We assessed the effects of 11 these factors on soil carbon dioxide (CO2) balance in biocrusted soils using a sequence of 12 manipulations over a nine-year period. We warmed biocrusted soils by 2 and, later, by 4 °C to 13 better capture updated forecasts of future temperature at a site on the Colorado Plateau, USA. 14 We also watered soils to alter monsoon-season precipitation amount and frequency, and had 15 plots that received both warming and altered precipitation treatments. Within treatment plots, we 16 
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2006-2007 and then again in 2013-2014, for a total of 39 months. Net CO2 efflux from 18 biocrusted soils in the warming treatment increased a year after the experiment began (2006-19 2007) . However, after 9 years and even greater warming (4 °C), results were more mixed, with a 20 reversal of the increase in 2013 (i.e., controls showed higher net CO2 efflux than treatment plots) 21
and with similarly high rates in all treatments during 2014, a wet year. Over the longer-term, we 22 saw evidence of reduced photosynthetic capacity of the biocrusts in response to both the 23 temperature and altered precipitation treatments. Patterns in biocrusted soil CO2 exchange under 24 experimentally altered climate suggest that (1) warming stimulation of CO2 efflux was 25 diminished later in the experiment, even in the face of greater warming and (2) treatment effects 26 on CO2 flux patterns were likely driven by changes in biocrust species composition and by 27 changes in root respiration due to vascular plant responses. 28
Introduction 29
Soils with active biological soil crust (biocrust) communities are essential components of 30 dryland ecosystems worldwide and are also one of the most sensitive components of drylands to 31 climate change (Ferrenberg et al., 2017; Reed et al., 2016) . Given the vast and growing global 32 extent of dryland regions (Safriel et al., 2005; Prăvălie, 2016) , the response of biocrusts to major 33 global change phenomena, such as climate change, may be an important aspect of the overall 34 response of Earth's ecosystems. In particular, due to the potential for dryland feedbacks to future consider as dryland ecosystems warm is carbon (C) balance, specifically carbon exchange of 37 biocrusted soils. Dryland soils are characterized by low soil organic matter that is negatively 38 correlated with aridity across many drylands (Delgado-Baquerizo et al., 2013) and there is an 39 association between C loss and the phenomenon of desertification (Lal, 2004) . Drylands can also 40
show large year-to-year variation in C fluxes that are relevant for explaining global-scale fluxes 41 Carbon balance in biocrusted soils includes not only the activities of the biocrusts 50 themselves, but also the activities of subsurface vascular plant roots and soil heterotrophic 51 microbes. Considering biocrusted soils together with the function of adjacent vascular plants is 52 important given that there is increasing evidence for biotic connections, possibly mediated by 53 fungi, between these functional groups (Green et al., 2008) and for linkages in plant-soil C cycle 54 responses to warming. For example, at another site on the Colorado Plateau, measurements of 55 plant photosynthesis, coupled with spot measurements of soil respiration under plant canopies, 56 showed plant photosynthetic rates were tightly coupled to soil respiration rates, with both 57
showing reduced fluxes in response to warming during the spring when plants are most active 58 (Wertin et al., 2017) . While these patterns could be the result of independent climate controls, 59
such as temperature and moisture, on each individual flux, vascular plant C allocation to roots 60 and heterotrophs belowground or biotic connections between biocrust organisms and vascular 61 plants could also help explain the coupling between above-and belowground CO2 fluxes. 62
In addition to affecting soil C balance through direct physiological means, warming has been 63 shown to have substantial effects on biocrust species composition, including macroscopic 64 show an optimum, such that rates are positively correlated with increased temperatures and 77 moisture (Wu et al., 2011) until a point at which high temperatures (often accompanied with 78 drying) begin suppressing both photosynthesis (e.g., Wertin et al., 2015) and soil respiration 79 (Tucker and Reed, 2016) . Drought also tends to reduce vascular plant production and respiration, 80 with greater sensitivity in drier areas (Knapp et al., 2015) . In soils overlain by biocrusts 81 (hereafter, biocrusted soils) specifically, temperature and moisture are key physiological 82 parameters for C flux (Grote et al., 2010; Darrouzet-Nardi et al., 2015) and, although few, the 83 warming experiments that do exist suggest that biocrusted soils will have higher net CO2 efflux 84 with a warming climate (Darrouzet-Nardi et al., 2015; Maestre et al., 2013) . There is evidence 85 for a limit to this association though, with very high temperatures leading to reduced biotic 86 activity, including microbial respiration, in biocrusted soils (Tucker and Reed, 2016) . 87
To improve our understanding of dryland C flux responses to global change, we used a 88
warming by watering manipulation experiment on the Colorado Plateau established in 2005. 89
When the study began, we explored the hypothesis that warming would increase net losses of 90 biocrust and plant composition that includes late successional crusts with well-developed 122 communities of native grasses and shrubs, similar to sites found in Canyonlands National Park 123 (Belnap and Phillips, 2001 ). Rainfall during the study period was distributed around the mean 124 (Table 1, clear trend (Fig. S2) . 131 132
Warming and watering treatments 133
The experiment contained 20 plots with 5 replicates (n = 5) for each of 4 treatments: control, 134 warmed, watered, and combined (warmed + watered). Plots were 2 × 2.5 m in size. Each plot 135 contained one automated CO2 chamber (described below). The warming treatment began in 136
October 2005 in plots fitted with 800 W infrared radiant (IR) heat lamps (Kalglo Model MRM-137 2408) mounted at a height of 1.3 m. Control plots had dummy lamps that do not provide heat. 138
The heating treatment was regulated by altering the voltage supplied to each lamp. While some 139 drying of soil moisture from the lamps may have occurred, we saw little evidence for this 140 phenomenon in soil moisture values, with drying after precipitation events occurring at similar 141 rates in all treatments (Fig. S3) . A previously published analysis also reported no easily 142 detectable moisture effects from the infrared lamps in either this experiment or a similar co-143 located experiment despite soil moisture probes at 2, 5, and 10 cm throughout all plots (Wertin et 144 al., 2015) . However, we cannot rule out very shallow surface moisture effects, which could be 145 important (Tucker et al., 2017) . with an average time between watering of 2.8 days (~4x natural frequency; Table 1 This seven-month period was selected due to availability of data in all four analysis years. The 209 total number of cumulative fluxes evaluated was 80 (4 years × 4 treatments × 5 replicates). We 210 also made separate cumulative estimates of time periods in which we observed active 211 photosynthesis, defining these periods as days during which the NSE values were -0.2 µmol CO2 212 m -2 s -1 or lower, with more negative numbers showing higher net photosynthesis. These periods 213 typically correspond to times with sufficient precipitation to activate biocrusts. The effect of the 214 warmed, watered, and combined treatments on cumulative NSE values were evaluated by 215 calculating the size of the differences between each treatment and the control (Nakagawa and 216
Cuthill, 2007; Cumming, 2013). Treatment differences, which we notate as td, were calculated as 217 treatment -control (paired by block) with 95% confidence intervals estimated using mixed 218 effects linear models for each year with treatment as a fixed effect and block as random effect 219 (Pinheiro and Bates, 2000). Analyses were facilitated by a custom-made R package "treateffect", 220 available at https://github.com/anthonydn/treateffect. The data used for these analyses are 221 available at https://doi.org/10.6084/m9.figshare.6347741.v1. Finally, to evaluate differences over 222 time, differences between 2006 data for each treatment and each subsequent year were 223 calculated, also using mixed effects models. 224 225
Results 226
Biocrust cover within the soil collars used by the automated chambers was relatively similar 227 in all treatments at the beginning of the experiment, with an average of 49% moss and 31% 228 lichen in each treatment ( <3% in all treatments. Mosses were more variable, remaining at 25% in controls, but falling to 232 7% in warmed plots and to 0% in both watering plots. Cyanobacteria cover started at 0% in all 233 chambers and rose to 50-90%. 234
Seasonal time courses of NSE showed similar patterns among years and treatments, with 235 peaks in NSE in the spring associated with peak vascular plant activity, and peaks in both 236 negative and positive NSE associated with rain events (Fig. 2a) . In the early time period (1-2 237 years after treatments began), the supplemental 1.2 mm watering treatment caused large "puffs" 238 of CO2 when water was added. By the final year of watering (2012), the size of these puffs was 239 substantially smaller and after watering ceased (2014), they did not occur even with natural 240 rainfall events (Fig. 3) . watering treatments increasing CO2 flux to the atmosphere. In the early time period, shortly after 244 the establishment of the treatments, we observed higher NSE (greater movement of CO2 from 245 soil to the atmosphere) in both watered and combined treatment plots, with less evidence of 246 difference in the warming only treatment ( Fig. 4a ; Table 2 ). Fluxes were similar between 2006 247 and 2007 (Table S1) . 248
In the later time period (2013-2014), the treatments showed varying results. In 2013, after the 249 watering treatment had ceased, we observed a reversal of the treatment trend from the early 250 period, with lower CO2 efflux from soils in all three treatments ( Fig. 4a; Table 2 ). This trend was 251 particularly visible in the months of May and June (Fig. 2a,b) . However, in the following year, 252 2014, a wet year with high spring rainfall ( Table 1, Fig. 2a Table S1 ). While no obvious treatment effects were observed, treatment effect 255 sizes were relatively poorly constrained due to the higher variation that year (Table 2) . Table 2 ). In contrast, watered plots 262 that were not warmed were similar to control plots. 263
In examining the daily cycles in the hourly data, further detail on the nature of the treatment 264 effects was observed. After one year, watered treatments in which mosses had died showed 265 strong reductions in CO2 uptake capacity during wet-up events, but warmed treatments still 266 showed a similar maximum uptake capacity relative to controls (e.g., minimum NSE on October ; warmed = -0.89 ± 0.11, watered = -0.35 ± 0.06, 268 combined = -0.2 ± 0.08; Fig. 5a ). However, after 8 years of treatment, clear differences were 269 present in the CO2 flux dynamics in response to natural rainfall events (Fig. 5b) . Biocrusted soils 270 in control plots still exhibited substantial net uptake of CO2 (e.g., minimum NSE on August 14, 271 control = -0.68 ± 0.12 µmol m 2 s -1 ), whereas the other treatments showed less uptake relative to 272 the control, with a similar trend visible on August 23rd. The increase in CO2 effluxes in the watered treatments during the early period (Fig. 34 , Table  278 2) were likely driven by both the loss of photosynthetic biocrust organisms during that time 279 The reversal of the NSE trend in the +4 °C and +4 °C × legacy watering treatments is likely due 303 in large part to changes in biocrust community composition, with mosses largely eliminated in 304 relation to the control plots where about half of the mosses were retained (Fig. 1) . The climate consistent with drying from the infrared heat lamps, a mechanism that was supported in a 315
Wyoming grassland experiment (Pendall et al., 2013) . Our soil moisture data showed little 316 evidence of such drying effects (Fig. S3) . However, with a minimum moisture probe depth of 2 317 cm, we may have missed moisture effects relevant only to the top several millimeters of soil, an 318 area of current active investigation at the site: more recent results suggest that surface moisture 319 (0-2 mm) can be a potent predictor of soil C fluxes on these biocrusted soils (Tucker et al., 320 2017). The reduction in CO2 efflux with warming was also seen in a nearby set of plots in 2011, 321 in which soil respiration was measured at individual time points with non-automated chambers 322 (Wertin et al., 2017) . In that study, the reduction with warming was observed three years after +2 323 °C warming treatment was implemented. The dark respiration measurements were made in the 324 spring (at peak plant activity) and it was at the same point in the season (see Fig. 12 ) that we saw 325 the strongest seasonal driver for the seven-month cumulative data. In sum, although our NSE 326 data don't allow us to disentangle the driving mechanisms, changes in (i) biocrust composition, 327
(ii) nearby plant activity, and (iii) possibly surface moisture could all have contributed to the 328 reversal in the effect of the warming treatment in the late period of the study. Regardless of the 329 cause, these data suggest large, sustained changes to dryland soil C cycling at our site in response 330 to climate change treatments. 331
We also observed reduced NSE values in the 2012-2013 sampling period in plots that were 332 previously watered plots compared to the control plots, suggesting some legacy treatment effects. 
Source of CO2 efflux 377
Observed NSE fluxes were almost always net positive (C loss to atmosphere), indicating that 378 soil profile C losses are greatly outpacing biocrust photosynthetic uptake (Fig. 12) . This 379 necessitates a non-biocrust C source as biocrusts cannot persist with consistently negative C 380 balance (e.g., Coe et al. 2012). The CO2 efflux data also support these non-biocrust sources. For 381 example, though we did lose biocrusts, even in control plots, C losses continued even in plots 382
where the larger biocrust constituents were gone (e.g., watered plots in 2014). Besides biocrust 383 organisms, there are three other potential sources of CO2 efflux: soil heterotrophs, vascular plant 384 roots, and pedogenic carbonates (Darrouzet-Nardi et al., 2015). All three are possible 385 contributors and further work is needed to partition their contributions. 386
We would expect the biocrusts themselves to have the biggest impact on NSE when soils are 387 wet and biocrusts are active. During such time periods, we saw treatment effects that were 388 distinct from the seven-month totals (Fig 2b) , which could be interpreted as evidence of a 389 biocrust signal that did not follow the general vascular plant trends of spring activity. Indeed, 390 several pieces of evidence point directly to a biocrust signal. First, in the later time period (2013-391 2014), the reduction in minimum daily NSE during precipitation events (Fig. 5) suggests that 392 loss of biocrust CO2 uptake contributed to higher net C loss from these soils. In particular, the 393 combined treatment lost a large proportion of its capacity to assimilate C, as well as much of the 394 biocrust biomass. Second, the decline in the size of the "puffs" of CO2 that were associated with 395 the 1.2 mm watering treatments are likely driven by declines in biocrust activity (Fig. 3) , as these 396 small watering events primarily affect the surface of the soil. In our previous work (Darrouzet-397 Nardi et al., 2015), we saw evidence of these puffs in control plots without supplemental 398 watering, though they were presumably not frequent enough to kill the mosses under natural 399 conditions, a situation that could be altered if precipitation is altered in the future (Reed et al., 400
2012; Coe et al., 2012). 401
Heterotrophic respiration could also be a substantial contributor to the CO2 effluxes we 402 observed. The soil CO2 efflux was observed rapidly after each rain pulse (natural or 403 experimental), which could indicate soil heterotrophic respiration since plant photosynthesis may 404 take longer to become activated (López-Ballesteros et al., 2016) . The soil organic C pool in these 405 soils includes ~300 g C m -2 in the 0-2 cm biocrust layer, which would be depleted rapidly if it 406
were the sole C source. However, the sub-biocrust 2-10 cm layer has ~430 g m -2 and soils are on 407 average 50 cm deep at the site, suggesting that the total sub-crust soil C is >1500 g C m -2 (data 408 not shown). With a C pool of that magnitude, depletion of soil organic matter C stocks could be 409 substantial contributors to the C losses we observed. However, if losses on the order of 62 g C m -410 2 (the amount lost in control plots during 2006) were to continue, these stocks would be 411 completely depleted (which normally does not occur in soils) in ~25 years, suggesting another 412 source is also extremely likely. 413
Root respiration is a contributor we consider highly likely. During excavations of the 414 chambers in 2017, root biomass was observed inside the chambers, making a root signal 415 plausible. Previously published measurements from a nearby site that did not have a well-416 developed biocrust community showed tightly coupled measurements of plant photosynthesis 417 with soil respiration directly beneath plant canopies (Wertin et al., 2015) while correlations 418 between soil C concentration and soil respiration were much weaker (Wertin et al., 2018) . sizes associated with each treatment, see Table 2 . 774 
